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Understanding friction between material pairs is very crucial when utilizing the materials in various applications, including mechanical and
biological systems. In the present investigation, tribological properties, such as coefﬁcient of friction (COF) and transfer ﬁlm formation, were
investigated by varying surface texture and roughness features during sliding of Ultra High Molecular Weight Polyethylene (UHMWPE) pins
against steel plates using an inclined pin-on-plate sliding tester. The roughness of the textures was quantiﬁed using optical proﬁlometer. Scanning
Electron Microscope was utilized to characterize the fracture features on the pin surface and transfer ﬁlm formation on the plate surface. Results
showed that the COF is signiﬁcantly depend on surface texture when compared to surface roughness (Ra) of the harder steel material. The transfer
ﬁlm formation is found to depend on the COF. Detailed analysis of friction components, namely adhesion and hysteresis, demonstrated that the
effect of surface texture on the COF and transfer ﬁlm formation was attributed to the variation of the hysteresis friction component. The variations
in hysteresis friction with surface texture is attributed to the nature of constraints imposed by the surface textures at the asperity level during
sliding conditions.
& 2016 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Friction is a very important parameter that governs the
selection of contacting materials in mechanical and biological
systems because it affects numerous variables including the
stresses, working conditions and the transfer ﬁlm/debris
formation [1].
There are several factors that inﬂuence friction and transfer
ﬁlm formation during sliding contact conditions. The surface
topography is one of the key factors that affect the coefﬁcient
of friction (COF) and transfer ﬁlm formation during sliding.
Considerable efforts have been made to study the role of
surface texture and roughness on friction of metallic materials
[2–9], polymeric materials [10–13] and ceramic materials10.1016/j.bsbt.2016.02.001
16 Southwest Jiaotong University. Production and hosting by Else
mmons.org/licenses/by-nc-nd/4.0/).
g author. Tel.: þ1 775 682 7413.
ss: pmenezes@unr.edu (P.L. Menezes).
nder responsibility of Southwest Jiaotong University.[14–16]. As regards to the inﬂuence of surface texture and
roughness on friction of polymeric materials, He et al. [10]
studied the effect of surface textures on the friction of a
polydimethylsiloxane. The results showed that the COF of
pillar-textured surface was much lower than that on the smooth
surface of the same material and this reduction of COF could
be attributed to the reduced contact areas. The friction proper-
ties of molding thermoplastic materials are studied by Pouzada
et al. [17]. The authors found that the COF at the ejection stage
depended on the surface texture of the core. Santer and
Czichos [18] investigated tribological behavior of several
thermoplastic polymers under dry sliding condition and found
that the COF decreases with increasing surface roughness of
the steel counterface until a critical value is attained. For
roughnesses above this critical value, the COF begins to
increase. The reason for this variations are explained by the
fact that for small values of the surface roughness adhesion
forces dominate, however, abrasion plays a more importantvier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. Optical proﬁlometer images of (a) unidirectional, (b) 8-ground and
(c) random surfaces.
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polytetraﬂuoroethylene (PTFE) composites against steel mate-
rial of varying roughness under dry sliding conditions was
investigated by Wieleba [19]. The surface characterization
analysis showed that the roughness parameters related to the
shape of the asperity proﬁle (Sm, Δα and Rk) had the strongest
inﬂuence on the COF.
Attempts were also made to study the role of surface
roughness on transfer ﬁlm formation [20,21]. More speciﬁ-
cally, the inﬂuence of counterface surface roughness on the
transfer ﬁlm formation during sliding against polymer materi-
als was investigated by Bahadur [20]. The transfer ﬁlm was
developed due to adhesion and interlocking of the polymer at
metal surface asperities, the extent of which depended on the
surface roughness of the steel material. Jintang [21] investi-
gated the friction and wear properties of various polymer–
stainless steel pairs. The test results indicated that polymer
transfer ﬁlms were formed on all friction surfaces. The transfer
ﬁlm formation was inﬂuenced by polymer structure character-
istics, tribochemical reactions and friction conditions.
In literature, attempts were made to study the tribological
properties of UHMWPE against steel under dry sliding and
various lubricated conditions [22–24]. Xiong and Ge [22] studied
the friction and wear properties of UHMWPE against Al2O3
ceramic under dry and different lubricating conditions. The friction
and wear rate of UHMWPE were the highest under dry sliding
and were the lowest under lubrication conditions. The wear
mechanisms were different under dry friction and various
lubricating conditions. Unal et al. [23] investigated the inﬂuence
of applied pressure on the friction and wear behavior of polyamide
66 (PA 66), polyoxymethylene (POM), ultrahigh molecular
weight polyethylene (UHMWPE), 30% glass ﬁber reinforced
polyphenylene–sulﬁde (PPSþ30%GFR) and aliphatic polyketone
(APK) polymer. The results showed that the COF decreased
linearly with increase in pressure for all polymers. However, the
wear rate was not inﬂuenced by the change in applied pressure.
Saikko [24] studied the friction and wear properties of prosthetic
joint materials, UHMWPE pins against Co–Cr–Mo, Al2O3, ZrO2
and Si3N4 counterfaces. The results indicated that Al2O3 and ZrO2
were distinctly superior to other counterfaces for UHMWPE in
prosthetic joints.
In the above research on UHMWPE, the inﬂuence of surface
texture and roughness on the frictional behavior and transfer
ﬁlm formation have not been focused. Hence, in the present
investigation, the tribological properties of UHMWPE against
steel was studied as a function of surface texture and rough-
ness. Furthermore, the contribution of various components of
friction, namely adhesion and hysteresis, will be discussed for
this material pair. Also, the role of surface roughness para-
meters on friction will be discussed in the paper.
2. Experimental details
2.1. Materials
In the experiments, UHMWPE (grade GUR 415) polymeric
material is used as pins with dimensions of 10 mm in lengthand 3 mm in diameter with a tip radius of 1.5 mm. The
counterpart plates were made of 080 M40 steel material. The
dimensions of the steel plates are as follows; 28 mm 20
mm 10 mm (thickness).
2.2. Surface texturing
In this study, the surface textures were categorized into three
types, namely unidirectional, 8-ground and random, were produced
on the steel plate surfaces. The unidirectional surface textures were
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unidirectional fashion. The steel plate surfaces are rubbed against
emery papers along a path with the shape of an eight (“8”) for about
500 cycles to generate 8-ground surfaces. Using different grits of
emery papers (220, 400, 600, 800 and 1000), the surface roughness
of unidirectional and 8-ground surfaces were varied. The random
surface textures were attained on the steel plates by wet polishing
technique where the steel plate is rubbed against the pad of a
standard metallographic disc polishing machine. Using different
abrasive powders (SiC powders (600 and 1000), alumina powder
(0.017 mm) and diamond paste (1–3 mm)), the roughness for the
random surfaces were varied. The optical proﬁlometer images of
these three steel surface textures that were generated by unidirec-
tional grinding, 8-ground and random polishing are presented in
Fig. 1. The non-contact type optical proﬁlometer was used to
characterize the surfaces.2.3. Tribology experiments
The pin-on-plate sliding tester is an ideal instrument for
characterizing the tribological properties, such as friction andFig. 2. Variation of (a) normal and tangential forces and (b) coefﬁcient of
friction with sliding distance.transfer ﬁlm formation. The method involves (a) determining
normal and tangential forces during sliding, and (b) producing
wear tracks on hard steel plates using soft polymer pins. Hence,
the pin-on-plate inclined sliding tester was used to conduct
experiments, the details of the apparatus and experimental
procedure are presented elsewhere [25]. The effect of load on
the COF can be readily determined in a single experiment using
the inclined pin-on-plate instrument. In the inclined pin-on-plate
sliding tests, the inclination angle of the plate was 1 degree. The
normal load was varied from 1 to 70 N for a wear track length of
10 mm for each test. The sliding velocity during the test was
2 mm s1. A typical variation of the normal and tangential forces
with sliding distance obtained in the pin-on-plate inclined sliding
tester is shown in Fig. 2(a) and the variation in COF with sliding
distance calculated from these forces is presented in Fig. 2(b). It
can be seen that the COF does not change much with sliding
distance within the present load range in which the tests are
conducted. The tests were conducted in an ambient environment
under both dry and lubricated conditions. These tests were
speciﬁcally made to understand the various components of
friction, such as adhesion and hysteresis of polymeric material.
The dry tests were conducted ﬁve times in order to verify
consistency in results. In order to check the inﬂuence of grinding
marks direction on COF, the pins were slid perpendicular (UPD)
and parallel (UPL) direction to the unidirectional grinding marks
on the plate. Thus, four sets of topographic conditions (UPD,
8-ground, UPL and Random) were examined. After dry sliding
tests, the used UHMWPE pin was removed from the pin holder
and a new UHMWPE pin from the same batch was attached to
the pin holder in order to conduct lubricated tests. For the
lubricated tests, 0.05 ml of engine oil lubricant (SAE 40) was
smeared on the surface of the steel plate and the sliding tests were
performed to generate wear track, ﬁve times, parallel to each
other on the steel plate akin to dry tests. The lubricant oil
viscosity was 40 cSt at 40 1C and the oil had boundary lubricant
additive, zinc dialkyl dithiophosphate (ZDDP). Both dry and
lubricated tests were conducted on the same steel plate surfaces in
order to compare the friction and transfer ﬁlm formation results of
the dry and lubricated tests and in order to avoid the inﬂuence of
variations in roughness during preparation of the steel plates on
COF. The dry tests were conducted ﬁrst followed by lubricated
tests in order to avoid any additional cleaning of the steel plates
and to exclude variations in roughness of the steel plates. The
roughness proﬁles of the steel plates were recorded using an
optical proﬁlometer before each tests in the direction of sliding of
the pin. After the tests, the pins and steel plates were character-
ized using a scanning electron microscope (SEM) to study their
surface features, such as transfer ﬁlm formation on the steel
counter material and fracture features on the pin surface.
3. Results and discussion
The variation of average COF with Ra for various surface
textures under dry and lubricated conditions is shown in Fig. 3
(a) and (b), respectively. Each data points correspond to
average friction values recorded for a sliding distance of
10 mm. As shown in the ﬁgure, surface roughness (Ra) values
Fig. 3. Variation of coefﬁcient of friction with surface roughness under (a) dry
and (b) lubricated conditions.
Table 1
Correlation coefﬁcient between Ra and coefﬁcient of friction for each surface
textures under dry and lubricated conditions.
Surface Texture Correlation coefﬁcient
Dry condition Lubricated condition
UPD 0.86 0.74
8-Ground 0.76 0.77
UPL 0.89 0.57
Random 0.83 0.57
Table 2
Description of surface roughness parameters.
Roughness parameter Description
Rq (mm) Root Mean Square roughness
Ra (mm) Average roughness
Rt (mm) Maximum height of the proﬁle
Rp (mm) Maximum proﬁle peak height
Rv (mm) Maximum proﬁle valley depth
Rsk Skewness
Rku Kurtosis
Rz (mm) Average maximum height of the proﬁle
Rmax (mm) Maximum roughness depth
Rpm (mm) Average maximum proﬁle peak height
Rvm (mm) Average maximum proﬁle valley depth
Del a (Δa) (mrad) Average slope of the proﬁle
Lam a (λa) (mm) Average wavelength of the proﬁle
Del q (Δq) (mrad) Root Mean Square (RMS) slope of the proﬁle
Lam q (λq) (mm) Root Mean Square (RMS) wavelength of the proﬁle
Htp (mm) Proﬁle section height difference
Rk (mm) Core roughness depth
Rpk (mm) Reduced peak height
Rvk (mm) Reduced valley depth
Mr1 (%) Peak material component
Mr2 (%) Valley material component
S (mm) Mean spacing of local peaks of the proﬁle
Sm (mm) Surface material volume
Pc (/mm) Peak count
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The Ra values presented in the ﬁgure were measured in the
sliding direction of the pin. Earlier efforts [26–28] have shown
that the COF is dependent on surface texture. For this reason,
the surface roughness proﬁles along the pin sliding direction
were considered. It can be seen that there is no particular
correlation exists between Ra and COF. Furthermore, for a
given kind of texture, the COF did not vary much with Ra.
Interestingly, the COF values for the same Ra values of two
different textured surfaces were signiﬁcantly different. When
the correlation coefﬁcient analysis was performed without
considering surface textures, the overall correlation coefﬁcient
between the COF and Ra is 0.82 under dry condition and 0.83
under lubricated condition. The correlation coefﬁcient was
calculated using Pearson product moment correlation coefﬁ-
cient. This correlation coefﬁcient is a statistical measure of the
strength of a linear relationship between paired data. Positive
values denote positive linear correlation and negative values
denote negative linear correlation. A value of 0 denotes no
linear correlation and the values closer to 1 or 1 denote
stronger linear correlations. Table 1 presents the correlationcoefﬁcient values between the Ra and COF for each surface
textures (UPD, 8-ground, UPL and random) under both dry
and lubricated conditions. In Table 1, it can be seen that there
is no strong correlation exists between the Ra and COF under
both dry and lubricated conditions for the surfaces investi-
gated. The anisotropic (unidirectional) surfaces showed posi-
tive correlations and the isotropic (8-ground and random)
surfaces showed negative correlations under both dry and
lubricated conditions.
It can be seen from the above analysis that the roughness
(Ra) does not signiﬁcantly inﬂuence the COF over the range of
roughness values tested. Hence, it is important to further
analyze and correlate other roughness parameters of the
surface texture with the COF. Hence, twenty-four surface
roughness parameters of all the steel plates were measured and
attempts were made to correlate these parameters with the
COF. The description of these twenty four roughness
Fig. 4. Correlation coefﬁcient between the coefﬁcient of friction and rough-
ness parameters under (a) dry and (b) lubricated conditions. Red and blue bars
represent positive and negative correlations, respectively.
Fig. 5. Variation of coefﬁcient of friction with surface texture.
Table 3
Percentage variation in coefﬁcient of friction among various surface textures
under dry and lubricated conditions.
Dry condition Percentage variations in coefﬁcient of friction
Surface textures Random UPL 8-Ground UPD
Dry conditions Random 0 24 64 101
UPL 19 0 32 62
8-Ground 39 24 0 22
UPD 50 38 18 0
Lubricated conditions Random 0 39 67 105
UPL 28 0 21 48
8-Ground 40 17 0 23
UPD 51 32 18 0
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presented elsewhere [29]. Fig. 4(a) and (b) presents the
correlation analysis results between the surface roughness
parameters and the COF under dry and lubricated conditions,
respectively. As shown in the plot, the correlation coefﬁcientvalues between the COF and surface roughness parameters
varied over a wide range, from less than 0.008 to as high as
0.86. In this analysis, the maximum correlation between COF
and surface roughness parameters was found to be 0.85 (for
Δa) under dry and 0.86 (for Rmax) under lubricated conditions.
These analysis demonstrated that there is no consistency in the
surface roughness values that can excellently predict COF
values of UHMWPE under both dry and lubricated conditions.
Attempts were made to present variations in the COF as a
function surface texture. Fig. 5 illustrates the range in which
the average COF and the Ra values vary for each of the
surfaces under both the dry and lubricated conditions. The
error bars in the plot 5 indicate the maximum and minimum
values of the COF and Ra values of a particular surface texture
and each symbol is the average COF of ﬁve roughness of the
same texture. As shown in Fig. 5, the COF considerably
depends on the surface texture under both dry and lubricated
conditions. The COF values under dry conditions are much
higher than the lubricated conditions. It can be observed that
the COF for the dry experiments is relatively high when
sliding perpendicular to the unidirectional grinding marks. The
COF values subsequently decreases for the 8-ground, then
UPL, and ﬁnally for the randomly polished surfaces. A similar
trend is seen for the lubricated experiments. The correlation
coefﬁcient between dry COF and lubricated COF was found to
be 0.99. Table 3 presents the percentage variations in COF
among various surface textures under dry and lubricated
conditions. It can be seen that the COF is changed more than
100% under both dry and lubricated conditions when the
surface texture changed from random to UPD.
Fig. 6 shows the scanning electron micrographs (back-
scattered) of the steel plate surfaces that slid against
UHMWPE pins for the UPD, 8-ground, UPL and random
surfaces under dry and lubricated conditions. Examining these
micrographs, it was observed that a certain amount of
discontinuous transfer ﬁlm of UHMWPE formed on the steel
plate under dry conditions. As demonstrated in Table 4, the
amount of transfer ﬁlm formed on a steel plate surface is found
to be highest for the UPD plates and progressively decreased
for 8-ground plates, UPL plates, and then the randomly
Fig. 6. Backscattered SEM of steel plate surfaces tested after sliding the UHMWPE pins against UPD (a, e), 8-ground (b, f), UPL (c, g) and random (d, h) surfaces
under dry (a–d) and lubricated (e–h) conditions.
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Table 4
Percentage of transfer ﬁlm formation on the steel plates of different surface textures under dry and lubricated
conditions.
Surface textures Percentage of transfer ﬁlm formation on the steel plates
Dry condition Lubricated condition
UPD 27.88 22.11
8-Ground 18.44 17.29
UPL 17.12 16.78
Random 15.02 13.81
P.L. Menezes, S.V. Kailas / Biosurface and Biotribology 2 (2016) 1–10 7polished plates. Furthermore, as shown in ﬁgure and
Table 4, the amount of transfer ﬁlm formation on the steel
plates was decreased in the presence of a lubricant. Finally, it
was also noticed that the amount of the transfer ﬁlm formed on
the steel plate did not signiﬁcantly vary with surface roughness
under both dry and lubricated conditions. Another interesting
point to be noted, though detailed analysis needs to be done, is
that the morphology of the UHMWPE transferred is likely to
be different for each of the surfaces. It is well known that the
morphology of the debris will inﬂuence the tribological
performance in a joint under actual conditions [30].
Fig. 7 shows scanning electron micrograph of the
UHMWPE pins slid against steel plates for the UPD, 8-ground,
UPL and random surfaces under dry and lubricated conditions.
Surface shearing and scratching marks can be observed on the
worn surface of the pins. The surface shearing and scratching
marks observed on the pins reduces drastically with introduc-
tion of lubricant, though some scratch marks are still observed
on the surface under the lubricated conditions. In all the
experiments a similar kind of intensive shearing and scratches
were observed on the pin surfaces.
The analysis on the contributions of adhesion and hysteresis
to friction under boundary lubrication condition is demon-
strated in previous publications [14–16]. Hysteresis friction
(mHysteresis) was measured by conducting lubricated tests with
engine oil and assuming that engine oil minimized adhesion so
that the COF observed in lubricated tests was entirely due to
hysteresis. Adhesion friction (mAdhesion) was calculated by
subtracting mHysteresis from the dry COF (mDry). The relation-
ship is given as
mDry ¼ mAdhesionþmHysteresis:
Fig. 8 presents the variation of the components of friction as
a function of the surface texture. In the ﬁgure, the adhesive
component of friction was determined by taking the difference
between the dry and lubricated test COF values at a given
operating condition. Analyzing Fig. 8, it can be seen that the
hysteresis friction is the dominant friction mechanisms as its
value is considerably higher than the adhesive friction.
Speciﬁcally analyzing the hysteresis friction, Fig. 8 shows
that the hysteresis friction is highest for UPD plates and
steadily decreases for 8-ground plates, UPL plates and random
polished plates. However, the adhesion friction does not
considerably vary with surface texture. As the hysteresis
friction is predominant and signiﬁcantly varies with surfacetexture, it can be inferred that the variations in dry friction are
predominantly due to changes in hysteresis friction behavior.
For the UPD tests, a representative model of a single
asperity can be used to describe the physical phenomena
involved. The representative model for UPD test is shown in
Fig. 9(a). More speciﬁcally, the interaction can be character-
ized by a softer material, such as UHMWPE, ﬂowing over the
harder steel cylindrical asperities arranged perpendicular to the
sliding direction. In this situation, the constraint to ﬂow of soft
materials increases during sliding as the soft material has to
climb over the cylindrical asperity. Such a situation induces a
higher level of shear stresses leading to severe shear failure
and higher amount of material transfer and thus the transfer
ﬁlm formation on the steel material surface. This also increases
the COF. In the UPL tests, the softer pin material did not climb
over the harder asperities. Instead, the pin material ﬂowed
along the valleys of the steel material as the cylindrical
asperities are arranged parallel to the sliding direction. Hence,
less energy for the deformation during sliding along the
asperities is needed. Ultimately, the level of stresses generated
in UPL experiments were lower when compared to UPD
experiments. Hence, lower COF values are recorded for the
UPL tests than the UPD sliding tests. For the 8-ground steel
surface, the softer UWMWPE pin meets the asperities of the
steel plate that are aligned in many orientations. Thus,
generation of moderate shear stresses can be expected, and
leading to modest COF values. For the random surfaces, the
COF is the lowest. This is because the material ﬂow is
unconstrained. The representative model for the random
surfaces is shown in Fig. 9(b) and the random surface can
be akin to hill and valley kind of texture where the material can
ﬂow around the spherical asperities. This situation causes
lower shear stresses leading to lower COF and thus lower
amounts of material transfer and transfer ﬁlm formation on the
harder material surface. Thus, the variations in hysteresis
friction with surface texture was attributed to constrained
nature of the surfaces at the asperity level during sliding.
4. Conclusions
The coefﬁcient of friction of UHMWPE primarily depends on
surface texture of harder material surfaces. The transfer ﬁlm
formation of UHMWPE on steel material surface depends on
coefﬁcient of friction which in-turn depends on the texture of
harder material surface. The inﬂuence of surface texture on the
Fig. 7. SEM images of UHMWPE pin surfaces tested after sliding against UPD (a, e), 8-ground (b, f), UPL (c, g) and random (d, h) surfaces under dry (a–d) and
lubricated (e–h) conditions.
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Fig. 8. Variation of components of friction with surface texture.
Fig. 9. Schematic of ﬂow pattern of a soft material over (a) a hard cylinder and
(b) spheres.
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hysteresis friction component for different surfaces. The varia-
tions in hysteresis friction with surface texture was attributed to
constrained nature of the surfaces at the asperity level during
sliding. Thus, the concept of surface textures, in addition to
surface roughness, should be considered to understand the
frictional analysis in mechanical and biological systems.
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